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NOTICE 

This report  w a s  prepared as an account of Government sponsored 
work. Neither t h e  United S ta tes ,  nor t he  National Aeronautics 
and Space Administration (NASA), nor any person ac t ing  on 
behalf of NASA: 

A . )  Makes any warranty or representat ion,  expressed or 
implied, with respect t o  t h e  accuracy, completeness, 
or usefulness of t h e  information contained i n  t h i s  
repor t ,  or t h a t  t h e  use of any information, apparatus,  
method, or process disclosed i n  t h i s  repor t  may not 
in f r inge  p r iva t e ly  owned r i g h t s ;  or 

B. ) Assumes any l i a b i l i t i e s  with respect t o  t h e  use of , 
or f o r  damages r e su l t i ng  from the  use of any infor-  
mation, apparatus , method or process disclosed i n  
t h i s  report .  

A s  used above, "person act ing on behalf of NASA" includes 
any employee or contractor  of NASA, or employee of such con- 
t r a c t o r ,  t o  t h e  extent t h a t  such employee or contractor  of 
NASA, or employee of such contractor prepares,  disseminates, 
o r  provides access t o ,  any information pursuant t o  h i s  
employment or contract  with NASA, o r  h i s  employment with such 
contractor .  

Requests f o r  copies of t h i s  report  should be r e f e r r ed  t o  

National Aeronautics and Space Administration 
Office of Sc i en t i f i c  and Technical Information 
Attention: AFSS-A 
Washington, D. C. 20546 
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SUMMARY 

This contract  success f i l ly  developed c i r c u i t s  and Ion th rus to r  ground-test 
hardware f o r  e f f i c i e n t ,  r e l i a b l e ,  po ten t i a l ly  lightweight power conditioning. 
A s ingle  breadboard, two rack-mounted models, and a dummy load were b u i l t  
and del ivered,  T e s t s  were run at L e w i s  Research Center with a mercury ion 
th rus to r .  After  a 50-hour endurance run one engine and power conditioner 
were committed t o  a l i f e- t e s t i n g  program. This power conditioning system 
i s  su i t ab le  f o r  f l i g h t  packaging and mission appl ica t ion .  
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XNTRODUCTION 

Pr ior  t o  t he  work done here ,  several single-output ion th rus to r  suppl ies  were 
constructed ( r e f s .  1 and 21, and some earlier programs resulted $n deyelopment 
of intermittent- duty mult iple  output ion th rus to r  supplres (~e f s .  3, 4 ana 51. 
Continuing s tud ies  ( r e f s .  6 and 7 )  have shown t h e  des i rab2l i ty  of r ea l i z ing  
a t r u e  long-endurance e l e c t r i c  propulsion capabi l i ty .  
t h e  work of t h i s  contract  w a s  t o  develop t h e  power conaltloner equtpment Sncor- 
porating a l l  of t h e  multiple-output closea-loop cont ro l  features required 
together with t h e  necessary e f f ic iency  and r e l i a b i l i t y  f o r  p r a c t i c a l  long-term 
space missions. 

The oyerall purpose of 

During performance of t h i s  cont rac t ,  spec ia l  repor t s  were issued covering new 
technology. 
c a l l y  coupled mult ivibrator  c i r c u i t .  

These repor t s  dea l t  with true RMS regula t ion  and a navelmagneti- 

Performance of t h i s  contract  involved design of t h e  power conditioner c i r c u i t r y  
and construction of a breadboard f o r  t e s t i n g  with t h e  ac tua l  ion thrus tor  a t  
NASA-LeRC. Upon completion of these  tests and a design review, t he  two pro- 
duction power conditioners were b u i l t  and t e s t ed .  

During t h i s  development program a l t e r a t ions  i n  t h rus to r  requirements (such 
as elimination of t he  electromagnet, an en t i r e ly  new neut ra l izer  arrangment 
and changed vaporizer cont ro l )  required redesigning. 
equipment fea tures  a very high degree of f l e x i b i l i t y  which should p r w e  qu i t e  
usefu l  during fu tu re  development t e s t  programs. The modular configuration 
of the  f i n a l  packaged power conditioners f a c i l i t a t e s  'both small and r e l a t i v e l y  
ma3  o r  changes. 

The r e su l t i ng  f i n a l  

Near the  end of t h i s  program one production power conditioner was shipped, 
together with a NASA-LeRC th rus to r ,  t o  an external  laboratory f a c i l i t y  for a 
l i f e  t e s t .  The remaining production power conditioner and the  breadboard 
equipment were re ta ined  a t  NASA-LeRC f o r  use i n  t h rus to r  development tests.  

I n  May 1967 t h e  l i f e  t e s t  power conditioning operated unattended f o r  549 con- 
secut ive hours. A t  549 hours t h e  ion thrus tor  f a i l e d .  
automatically shut down safe ly .  
and 62. 

The power conditioning 
NASA l i f e  test  console shown i n  Figure 61  

This power conditioning system has accumulated more than 820 hours operating 
t i m e .  
conditioning . No th rus to r  l i f e  t e s t  has been terminated by f a i l u r e  of t h i s  power 

Operation of a l l  t h ree  power conditioners has been completely successful.  
c lose coordination with NASA on e l e c t r i c a l  requirements of t h e  th rus tor  w a s  a 
major contributing f ac to r  t o  t h e  degree of success a t ta ined .  

The 

Costs of t h i s  contract  were shared 60%/40% NASA/GE. 
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DESCRIPTION OF THRUSTOR OPERATION 

The thrus tor  system cons is t s  of th ree  subsystems. 

A. Propellant feed 

The propel lant  feed subsystem cons is t s  of a s torage reservoi r ,  vaporizer,  
and vaporizer heater .  
against  t h e  vaporizer.  
by e l e c t r i c a l  power. It allows hot Hg vapor t o  flow through it. Vaporizer 
heater  input power controls  t h e  m a s s  flow r a t e  of t h e  Hg vapor t o  t h e  
thrus tor .  

Gravity forces  t h e  l i q u i d  mercury (Hg) propel lant  
The vaporizer i s  a permeable metal plug heated 

B. Thrustor 

The th rus to r  subsystem cons is t s  of an anode, cathode, magnetic f i e l d ,  Hv+ 
electrode,  and HV- electrode.  The Hg vapor supplied 
t o  the  cy l ind r i ca l  anode region undergoes bombardment by electrons and i s  
ionized. This region is t h e  a rc  chamber. The energetic electrons are 
obtained by t h e  thermionic emission from a cathode heated by e l e c t r i c a l  
power. The electrons are accelerated t o  anode po ten t i a l .  A magnetic 
f i e l d  surrounds t h e  arc chamber. This f i e l d  increases the  length of t h e  
path of t h e  e lec t ron  with t h e  arc  chamber. This enhances ioniza t ion  of 

Shown i n  Figure 60. 

Hg 

The Hg ions reaching t h e  region of t h e  HV+ electrode (screen)  are focused 
and accelerated by t h e  HV e l e c t r o s t a t i c  f i e l d  associated with t h e  per- 
forated HV+ (screen)  and HV- (acce le ra to r )  e lectrodes.  Effect ive t h r u s t  
i s  obtained by neut ra l iz ing  t h e  ion beam with e lec t rons .  

C. Neutralizer 

The neu t ra l i ze r  provides the  e lec t rons  necessary t o  maintain a zero net  
charge i n  t h e  expelled ion beam. The neut ra l izer  operates near space- 
c r a f t  potent ia l .  There are two types of neut ra l izers .  

The simplest form of neu t ra l i ze r  i s  a hot oxide coated cathode. This 
cathode i s  heated by one power supply and emits electrons t o  the  ion 
beam. It is  a f r a g i l e  device and has a l i f e t ime  too short  f o r  500 hour 
t e s t s .  

The plasma bridge neu t ra l i ze r  is rugged enough f o r  1000-5000 hour duration 
t e s t s .  A s m a l l  propel lant  feed system similar t o  t h e  arc chamber pro- 
pel lan t  feed supplies  l i q u i d  Hg t o  t h e  vaporizer.  
t he  vaporizer fo r  cont ro l l ing  t h e  Hg vapor t o  t h e  neut ra l izer  cathode. 
The neu t ra l i ze r  cathode is a thermionic e lec t ron  emitter heated by 
e l e c t r i c a l  power. The ionized Hg vapor flowing from t h e  neut ra l izer  
serves as a plasma bridge f o r  couplingathe neu t ra l i ze r  omission current  
(e lec t rons)  t o  t h e  ion plasma beam exhaust from t h e  thrus tor .  
neut ra l izer  emission current is control led by sampling the  plasma bridge 
po ten t i a l  with t h e  neut ra l izer  anode and using t h i s  po ten t i a l  f o r  feed- 
back control  of the  neu t ra l i ze r  vaporizer.  

E lec t r i ca l  power heats  

The 
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DESIGN 

Evolution of E l e c t r i c a l  Requirements 

This pro jec t  necessari ly  involved very c lose  coordination with the  th rus to r  
developments concurrently i n  progress a t  NASA-LeRC. A s  t h e  requirements f o r  
the  th rus to r  evolved, so  d id  t h e  e l e c t r i c a l  requirements imposed on t h e  power 
conditioner.  Figure 1B shows a sketch of t h e  th rus to r  as o r ig ina l ly  planned 
compared t o  t h e  f i n a l  configuration. Shown i n  Figure lA. 

A key t o  t h e  success of t h i s  pro jec t  i s  t h e  inherent f l e x i b i l i t y  of t h e  design 
of the  power conditioner.  
various redi rec t ions  during t h e  course of t h e  pro jec t .  Completely successful  
automatic s t a r t u p  and operation of t h e  f i n a l  NASA-LeRC th rus to r  w a s  demonstrated 
with the  f i n a l  breadboard power conditioner within one year from date of con- 
t r a c t ,  
t e s t s .  

The attainment of the  f i n a l  design necessi tated 

The f i r s t  production u n i t  w a s  delivered within 7 weeks after these  

Following i s  a discussion of a more spec i f i c  nature out l in ing  t h e  evolution 
of the  ac tua l  e l e c t r i c a l  requirements f o r  t h i s  power conditioning equipment. 

1. Power Source 

The power conditioners were designed t o  be supplied from a so la r  c e l l  a r ray  
source having t h e  cha rac te r i s t i c  shown i n  Figure 2. This required t h a t  t h e  
power conditioner be capable of continuous operation over the  range of 40 t o  
60 VDC with any combination of loads. Design is  such t h a t  i f  t h e  input ex- 
ceeds 60 VDC, operation is automatically discontinued. Automatic recycle and 
start occurs when t h e  input vol tage re turns  t o  60 VDC and below. 
in t e rva l s  when the  input fa l ls  below 40 VDC, power conditioner outputs do not 
exceed any ra t ed  values and the re  i s  no damage. 
control  requirement w a s  l a t e r  added, specifying t h a t  i n  the  41-40 VDC range 
(near t h e  end of usefu l  so la r  c e l l  l i f e )  t h e  vaporizer supply (V2) be pro- 
por t ional ly  backed o f f ,  gradually reducing mercury flow and extending t h e  
mission l i f e  a t  reduced th rus t  l eve l s .  

During 

An addi t ional  vaporizer 

2. Magnetic F ie ld  Supply ( V 1 )  

A 4 VDC 1 5  ampere supply f o r  t h e  th rus to r  magnetic f i e l d  w a s  o r ig ina l ly  
spec i f ied ,  and a 4V/3V tapped output was later  desired. 
supply w a s  completely discarded, s ince  the  newer th rus to r  u t i l i z e s  permanent 
magnets . 
3. 

Later t h e  V 1  

Feed (Thrustor Vaporizer) Supply (V2) 

The th rus to r  vaporizer i s  an AC heater  operating i n  t h e  range of 6 VAC (3V 
t a p )  and 3 amps (6A t a p )  with 2% l i n e  and 2% load regula t ion  requirements. 
This supply f l o a t s  at t h e  nominal +3KVDC Screen Supply (V5)  l eve l .  
requirements w e r e  not altered during t h i s  program. 

These 

Control requirements of t h e  V2 supply were changed, however. 
V2 was vol tage regulated with acce lera tor  current override. 
ca t ion  tests a t  NASA-LeRC, accelerator  impingement overr ide cont ro l  w a s  

resu l ted  i n  regulat ing the  th rus to r  beam current by cont ro l l ing  the  mercury 
feed instead of cathode emission. 

Original ly,  
A f t e r  v e r i f i -  

' discarded i n  favor of Screen (V5) current overr ide cont ro l .  This change 
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3. Feed (Thrustor Vaporizer) Supply (V2) ( con t td )  

Another control  change came about with t h e  r e a l i z a t i o n  t h a t  t h e  feed heater  
experienced a 2:l (ty-pical) increase i n  r e s i s t ance  during i n i t i a l  warm-up 
with a r e l a t i v e l y  long (30 sec.)  time constant. 
overload condition which could r e s u l t  from t h i s  load impedance change, a change 
i n  V2 control  from voltage t o  current  l i m i t  w a s  recommended and accepted. 
spec i f ica t ion  w a s  appropriately modified. 

4. Thrustor Cathode Supply (V3) 

I n  order t o  cope with the  

The 

The cathode i s  a Barium-activated tungsten mesh which is  ra t ed  f o r  a maximum 
4 VAC 50A RMS + 5%. 
p a l  e l e c t r i c a l r a t i n g  w a s  unchanged during t h i s  program, with t h e  important 
exception t h a t  t h e  thermal e f f e c t  on r e s i s t ance  w a s  not documented quant i ta t ive ly  
a t  the  outse t .  This res is tance  increase during warm-up was l a t e r  recognized 
t o  be a 6:1 e f f e c t ,  and t h i s  wide load range  influenced t h e  se l ec t ion  of t h e  
design approach and RMS regulat ing scheme. 

Normal operation i s  125 w a t t s  steady state. This pr inci-  

Control requirements of t h e  V3 supply were changed during i n i t i a l  t e s t s  with 
t h e  NASA-LeRC development th rus to r .  Originally t h e  cathode supply w a s  con- 
t r o l l e d  from (1) t h e  anode current  (141, (2) t he  Screen current  (IS), and ( 3 )  
low power conditioner input voltage ( 40-41 VDC proport ional  cu tof f )  . 
l a t t e r  two requirements w e r e  eventually deleted i n  favor of simple anode cur- 
ren t  control .  The anode current l e v e l  is se lec table  from one of  three  s teps  
by a switch (or ul t imate ly  a comand r e l a y ) .  When anode current i s  low, t h e  
cathode current  i s  l imi ted  t o  an adjustable RMS maximum. This RMS l i m i t  i s  
t r u e  regardless of current  waveform. 

The 

A separate ex terna l  V3 transformer w a s  u l t imate ly  spec i f ied  and supplied t o  
reduce lead  losses .  

5. Thrustor Anode Supply (V4) 

The th rus to r  anode is  a DC load which imposes a maximum ra ted  load of 36 VDC 
a t  7A. 
ground. 

Similar t o  t h e  V 1 ,  V2, and V3 supplies ,  V4 i s  at +3KVDC r e l a t i v e  t o  
Peak r ipp le  = 10% max. 

Original ly,  t h e  anode supply w a s  c losely regulated (2% l i n e ,  2% load) .  
as t h e  pro jec t  progressed t h e  regulat ion requirement w a s  relaxed t o  4% l i n e ,  
4% load, and f i n a l l y  t o  permit 10% load regulat ion with t h e  l i n e  regulat ion 
requirement deleted completely. This d r a s t i c  a l t e r a t i o n  of spec i f ied  regulat ion 
requirements f i n a l l y  enabled t h e  elimination of a separate  V4 inver ter ,  t h e  
anode output being obtained d i r e c t l y  from t h e  main power inve r t e r ,  which i s  
unregulaked. 

However, 

Corresponding s impl i f ica t ions  evolved i n  t h e  cont ro l  of t h e  V4 supply. 
i n i t i a l  requirement t o  reduce V4 proportionately t o  0 v o l t s  i n  accordance with 
a preset  cathode current  drop w a s  dropped with t h e  advent of beam cont ro l  of 
V2. Anode vol tage adjustment w a s  changed from a continuous potentiometer 
s e t t i n g  t o  an arrangement of transformer t a p  se l ec t ion  f o r  t h e  ranges of 20, 
25, 30 or 36 n c .  

The 
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5. Thrustor Anode Supply ( V 4 )  (cont 'd)  

During t h e  course of engine tests a t  NASA-LeRC it w a s  determined t h a t  an 
elevated V 4  po ten t i a l  is  necessary i n  order t o  i n i t i a t e  the  th rus to r  anode- 
cathode discharge when s t a r t i n g .  Accordingly, t h e  requirement t o  provide a 
minimum of 100 VDC at I 4  l e s s  than 10 ma  was  added. 
design w a s  altered accordingly t o  achieve t h i s  performance. 

The power conditioner 

6. Screen Supply ( ~ 5 )  

This requirement i s  f o r  3 KVDC a t  0.25A. 
grounded. 
load regulat ion to lerance  from 5% t o  10%. 
function of t h e  power conditioner supply voltage. 

The negative s i d e  of t h i s  supply i s  
The only change i n  requirements f o r  t h i s  supply w a s  opening up t h e  

V5 is  not regulated,  and is a d i r e c t  

The Screen current  ( 1 5 )  w a s  o r ig ina l ly  control led by closing t h e  loop through 
t h e  cathode supply, V3. 
(previously discussed) t o  cont ro l  I 5  by th rus to r  vaporizer (V2) w a s  imple- 
mented. Operation w a s  smooth and completely successful during th rus to r  t e s t s .  

7. Accelerator Supply ( ~ 6 )  

A s  t h e  development program advanced, t h e  change 

The accelerator  electrode normally requires  only about 1 - 3 m a  DC a t  2 KVDC 
po ten t i a l ,  with the  pos i t ive  terminal of t h i s  supply grounded. However, during 
normal operation, surge overloads of severa l  seconds duration can occur, 
requir ing t h a t  t h i s  supply be r a t ed  a t  50 m a  DC continuous. Since arcs  occur 
between V 5  and ~ 6 ,  it i s  necessary t h a t  t h e  accelerator  be capable of the  same 
surges a s  the  screen supply. This requirement s ized  t h e  HV rectif iers and 
closely- associated c i r c u i t r y .  

The only change i n  e l e c t r i c a l  r a t i n g  w a s  increasing t h e  regulat ion tolerance 
from 5% t o  10% with load. 
regulated,  but  provides an output which i s  proportional t o  t h e  power condi- 
t ione r  supply voltage. 

Like t h e  V4 and V5  suppl ies ,  ~6 i s  not voltage 

The accelerator  impingement was  o r ig ina l ly  l imi ted  by closing a current- limit 
loop through the  Feed supply, V 2 .  
controls  V 2  as  a se lec table  function of I 5  (Screen current ) .  
16 control  c i r c u i t ,  protect ing against  excessive contil?uous values or 16 with 
t h e  in tegra t ing  t r i p  c i r c u i t .  

8. 

The cont ro l  loop rearrangement now used 
It removes t h e  

Neutralizer Supplies ( V 7 ,  V 8 ,  V 9 )  

The i n i t i a l  requirement was f o r  an RMS-regulated 3 VAC, l 5 A  supply f o r  a 
thermionic neut ra l izer .  Provision w a s  made fo r  automatic t r ans fe r  of t h i s  
power t o  an a l t e r n a t e  redundant neut ra l izer  i n  t h e  event of an open-circuited 
primary neut ra l izer  or upon ground command. 
po ten t i a l  . This supply w a s  t o  be at  ground 

Later th rus to r  development at  NASA-LeRC resulted i n  t h e  adoption of a novel, 
long l i f e  neu t ra l i ze r  which required 3 e n t i r e l y  new and d i f f e ren t  outputs as  
follows : 

a. A neu t ra l i ze r  cathode ( V 7 )  w a s  required, r a t ed  a t  6 VAC, 7A with a 
6:1 r e s i s t ance  change from cold start t o  nominal running. 
5% load t r u e  RMS current  regulat ion w a s  specif ied.  

5% l i n e  and 

d 
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b. A neut ra l izer  vaporizer Cy81 was  requfred, rated a t  3 .2  YAC, 3.2A with 
a 3:l r e s i s t ance  change from cold s t a r t  t o  normal runnjng. 
and 2% load true RMS current  regula t ion  was required here. 

2% l i n e  

c. A neu t ra l i ze r  anode (Vg)  w a s  a l s o  required. 
r a t ed  a t  55 v o l t s  DC at l i g h t  load with 55 ma DC output a t  short  
c i r c u i t .  
put impedance w a s  t o  look l i k e  a s t r a i g h t  l i n e  res is tance .  
it w a s  found t h a t  t h e  neut ra l izer  plasma bridge discharge would not 
start r e l i a b l y  unless  t h e  no load vol tage of Vg w a s  190 YDC csimilar 
t o  t h e  V4 s i t u a t i o n ) .  This change w a s  made t o  the  f inal  equipment 
before del ivery.  The neu t ra l i ze r  probe po ten t i a l  was sensed and a 
control  loop closed through V8 so  t h a t  t h e  mercury feed t o  t h e  
neu t ra l i ze r  system could be maintained a t  t h e  l e v e l  which was 
exact ly adequate t o  regula te  t h e  main th rus to r  beam a t  any se lec ted  
value. A continuous adjustment provides t h i s  s e t t i n g ,  0 t o  50 VDC. 
Nominal operation occurs a t  1 5  v o l t s .  

This supply w a s  i n i t i a l l y  

There w a s  no l i n e  regulat ion requirement; however, t h e  out- 
Later on, 

d. The d e s i r a b i l i t y  of a neu t ra l i ze r  bias w a s  invest igated during f i n a l  
t h r u s t o r  tes ts ,  but no d e f i n i t e  s t eps  were taken t o  define this 
requirement with regards t o  t h i s  spec i f ic  program. The SEZT II 
equipment w i l l  contain a revers ib le  step- adjustable supply f o r  
inves t iga t ing  t h i s  p o s s i b i l i t y  f 'urther,  however. The present equip- 
ment does make provision fo r  connection of such a bias supply by 
bringing out t h e  neut ra l izer  ground separa te ly ,  r a the r  than connecting 
the  neut ra l izer  supplies  d i r e c t l y  t o  ground. 

9 



POWER CONDXTIONER CIRCUIT DESCRWmN 

This sec t ion  discusses t h e  operation of each port ion of the power conditioner 
c i r c u i t .  To f a c i l i t a t e  reference,  each subci rcui t  i s  incluaed i n  this sec t ion  
as a separate  f igure .  (For general reference purposes, Appendix B i s  included 
which cons is t s  of t h e  ac tua l  complete schematic diagram f o r  the  e n t i r e  power 
conditioner as f i n a l l y  delivered. 1 

1. 

Referring t o  f igu re  2 it i s  seen t h a t  t h e  feed supply operates on t h e  s e r i e s  
d i s s ipa t ive  regulator  p r inc ip le  with Q63 ( 2 ~ 1 0 1 6 ~ 1  ac t ing  as the control led 
r e s i s t i v e  element. The diodes CR163  and C R 1 6 4  are connected t o  co l l ec to r s  
of power switching t r a n s i s t o r s  i n  t h e  SAAF (Screen/Accelerator/Anoae/Feed) 
i nve r t e r ,  thereby impressing a square wave vol tage on t h e  primary of t h e  V2 
output transformer 

V 2  - Thrustor Vaporizer Supply (Feed] 

~ 1 6  , with amplitude determined by t h e  Darlington p a i r  
~ 6 3 / ~ 6 4 .  

Control of V2 is exercised i n  four ways: current- l imit ,  screen current ,  low 
input voltage, and the  feed clamp, the  feed clamp shuts V2 of f  f o r  about 1 
second during arcing/recycling. 

Current l i m i t  is obtained by sensing I 2  v i a  current  transformer ~ ~ 2 6  and by 
exercising closed loop cont ro l  back t o  t h e  se r i e s  d iss ipa t ing  t r a n s i s t o r  via 
Q83, Q66/Q3, and ~ 6 4 .  
reference f o r  comparison and control .  Feed current  regulat ion as  t h e  r e s u l t  
of load var ia t ions  (open c i r c u i t  through short  c i r c u i t )  i s  shown on f igure  
3. 
Performance i s  w e l l  ins ide  spec i f ied  l i m i t s .  

Zener diode CR299 (1N3016BY b.8V) provides t h e  required 

Figure 4 i l l u s t r a t e s  I 2  var ia t ions  with va r i a t ion  of t h e  DC power source. 

Screen current  (15 )  control  of feed (12) i s  obtained by sensing I 5  v i a  current  
transformer CT21 and comparing t h e  DC vol tage obtained ( a f t e r  r e c t i f i c a t i o n  
and f i l t e r i n g )  with t h e  same reference,  CR299. 
induced by screen c i r c u i t  arcing. The 15 s igna l  applied through CR172 overrides 
t h e  current- regulator control  (CR173 ) and r e s u l t s  i n  closed-loop dynamic control  
of the  ion th rus to r  beam current (IS) a t  t h e  value se lec ted  by control  range 
se l ec to r ,  Sl5. Performance of t h i s  cont ro l  mode i s  shown on Figure 5 ,  with 
requirements again eas i ly  m e t .  

CR349 i s  present t o  c l i p  surges 

Low input vol tage V2 cutoff cont ro l  i s  exercised through Q80 and associated 
c i r cu i t ry .  
t o  s e t  t h e  control  range ( typ ica l ly  40-41 VDC).  The output of t h i s  c i r c u i t  
i s  "or'ed" i n  v i a  CR199.  
controls  over a 1 .0  v o l t  input voltage band. 

The -23 VDC b ias  supply bus provides t h e  reference with R470 used 

Figure 6 shows the  ac t ion  of t h i s  fea ture  which 

During recycling of t h e  power conditioner r e su l t ing  from arcing,  e t c . ,  t h e  V2 
supply i s  clamped t o  zero f o r  1 second t o  avoid pouring excess mercury i n t o  
t h e  engine. A s e r i e s  of a rcs  w i l l  reduce propel lant  flow u n t i l  conditions 
improve and normal operation re turns .  
through CR197.  This s igna l  is  produced by the  cont ro l  logic  sec t ion ,  as 
w i l l  be described later .  
t h e  act ion of t h e  feed clamp. 

The feed clamp s igna l  is  applied 

Figure 7 shows an oscilloscope t r a c e  i l l u s t r a t i n g  
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Both V2 and I 2  telemetry s ignals  are required. 
rec t i fy ing  t h e  output of ~ 1 6 ,  winding 4-5-6. 
separate  current  transformer CT8 and associated c i r c u i t r y .  
t h e  other  telemetry c i r c u i t s ,  V2/12 telemetry c i r c u i t s  may be shorted or 
open-circuited with absolutely no influence on t h e  operation of t h e  power 
conditioner.  
telemetry, respect ively.  

V2 telemetry i s  produced by 
I 2  telemetry is  obtained by a 

I n  common with 

Figures 8 and 9 show t h e  cha rac te r i s t i c s  of the  V2 and I 2  

2. V3 - Thrustor Cathode Supply 

The main th rus to r  cathode i s  supplied with a quasi-square wave AC produced 
by t h e  t r a n s i s t o r  br idge inve r t e r  shown on Figure 10. 
of t h i s  inver ter  (T17)  i s  mounted remotely near t h e  ion th rus to r  i n  a sepa- 
rate subassembly t o  qinimize the  l a rge  l i n e  drop r e su l t ing  from t h e  50 amp 
4 VAC cathode requirement. 
The ac t ion  of DC cont ro l  windings on reac tor  55 determines t h e  relative 
phasing of t h e  switching of Q69/Q70 vs.  Q67'/&68, thereby control l ing t h e  
inver ter  output voltage. 
case temperature of t h e  power switching t r a n s i s t o r ,  Q70. 

Cathode current  and vol tage telemetry s ignals  a re  obtained by CT6 and a 
winding on t h e  output transformer T17. Figures 11 and 12 show t h e  t r ans fe r  
cha rac te r i s t i c s  f o r  V3 and 13. 

The output transformer 

The cathode inver ter  i s  driven by t h e  SAAF driver. 

Thermistor TH-3 provides an output indicat ing the  

Cathode inve r t e r  control  is exercised i n  t h e  form of self current- limit con- 
t r o l  and anode current ( 1 4 )  control  of cathode (13) .  
c i r c u i t s  used t o  produce each of these  forms of control .  

Figure 13 shows the  

Self  current- limit control  w a s  spec i f ied  t o  hold within a 5% band of t h e  RMS 
current set point .  This spec i f ica t ion  demanded t h e  development of a t r u e  
RMS current sensor which would be accurate  and stable with l i f e  and temperature. 
Referring t o  Figure 13, I 3  i s  sensed by CT27 and t h e  r e su l t ing  output i s  con- 
verted t o  a DC s ignal  (vol tage proportional t o  13). This s ignal  i s  then 
applied t o  a non-linear diode- resis tor  square-law approximation network. The 
r e s u l t  is  t h a t  the  co l l ec to r  current of Q71 follows t h e  instantaneous square 
of the  cathode current  13. This co l l ec to r  current i s  averaged (C62/R283) and 
compared t o  a reference (CR246) t o  give t h e  desired RMS regulat ing ac t ion  by 
regulat ing mean square current.  
controls  t h e  current i n  t h e  phase displacement reac tor  (L5)  control  winding. 

- 

Q72 (2N2905A) i s  the e r ro r  amplif ier .  It 

The c i r c u i t  which produces t h e  anode current  ( 1 4 )  control  of cathode current 
(13)  i s  a l so  shown on Figure 13. Here, CT24 i s  used t o  sense I 4  and t o  
generate a DC s igna l  a t  t h e  base of 476 proportional t o  t h e  average value 
of 1 4 .  b i t t e r  follower Q76 produces an  impedance transformation. The 
resul t ing  14-proportional vol tage i s  compared t o  a DC reference ( ~ ~ 2 4 8 )  
through another control  winding on t h e  cont ro l  r eac to r ,  L5. A s  I 4  increases 
above the  se lec ted  threshold (set by ~ 1 6 / ~ 1 7 ) ,  L5 cont ro l  current  is  in- 
creased i n  the  d i r ec t ion  r e su l t ing  i n  less output from t h e  cathode inver ter .  
This gives t h e  desired control .  



Figure 1 4  shows t h e  performance of t h e  cathode current  regula tor  and 
Figure 1 5  i l l u s t r a t e s  t h e  cont ro l  of I3  exercised by var ia t ions  i n  t h e  
anode current ,  14.  

During t h e  development of t h e  V3 supply it w a s  learned t h a t  t h e  load current ,  
although feeding a nominally r e s i s t i v e  load ac tua l ly  looked qui te  inductive. 
Pumpback diodes (CR230, CR233, C R 2 3 1 ,  CR234, Figure 1OIcompensate for  t h i s , .  
A center tap inve r t e r  can supply an inductive load i f  mil-square output is 
a l l  t h a t  i s  desired. However, a center tap inve r t e r  is  incapable of producing 
t h e  type of constrained quasi-square wave desired here. 
center tap connection f o r  t h e  V3 supply. 

3. 

This ru le s  out  the  
Thus a bridge inve r t e r  w a s  used. 

V 4  - Thrustor Anode Supply 

The th rus to r  anode is energized v i a  the  main inver ter .  This inver ter  i s  of 
center tap design, and uses 8 - 25 ampere, 200 v o l t  s i l i c o n  t r a n s i s t o r s  i n  push- 
pu l l  p a r a l l e l  connection. Two center tap c i r c u i t s  are operated i n  exact syn- 
chronism. The output transformer secondaries a r e  ser iesed  t o  insure exact 
load d iv is ion  between t h e  two halves of t h e  inver ter .  

The current transformer CT25 produces a t r i p  s igna l  t o  t h e  control  log ic  
which, i n  tu rn ,  cycles t h e  d r ive r  switch Q91 u n t i l  t h e  cause of t h e  current 
overload has been corrected, or t h e  power conditioner i s  commanded "off" by 
e i t h e r  ex terna l  or i n t e rna l  means. T27 and associated magnetically-coupled 
mult ivibrator  components cons t i tu t e  t h e  main inver ter  dr iver .  

(Figure 16 ) .  

The SAAF (Screen/Anode/Accelerator/Feed) inver ter  w a s  s ign i f i can t ly  a l t e red  
during t h e  course of t h e  pro jec t .  
subs t i tu ted  the  new V4 supply (anodeIfor t h e  deleted V1 (magnetic f i e l d )  
supply. SAAF power t r a n s i s t o r s  a r e  driven i n  an improved manner; T27 pro- 
duces a very f a s t- r i s e  square wave dr ive  source. Speed-up capaci tors  ( ~ 9 6  
through C103) a c t  t o  remove stored charge quickly t o  minimize s torage delay 
during switch-off. The separate  dr iver  uses t h e  e f f i c i e n t ,  fast switching 
DTS-423's. 

These a l t e r a t i o n s  improved eff iciency and 

Anode voltage i s  adjusted by t aps  on t h e  output transformer primaries (T25,  
~ 2 6 ) .  
could include tap-changing re l ays ,  i f  V4 adjustment s t i l l  proved desirable.  

We experienced two f a i l u r e s  during preliminary t e s t i n g .  The anode c i r c u i t  
now uses Unitrode Avalanche r e c t i f i e r s  throughout. 
capacitor is  protected by a 50-watt zener connected d i r e c t l y  across t h e  
anode supply output terminals  w i t h  short  leads.  
anode output t ransformeh provide t h e  100+ vo l t s  a t  no load. 
fea ture  starts t h e  ioniza t ion  chamber discharge. 

These t aps  are se lec ted  by toggle switches (S13, 1 4 ) .  F l ight  hardware 

The output f i l t e r  

Outrigger windiqgs on the  
This added 

Overcurrent protect ion ( f o r  t h e  anode only) is  provided by obtaining an 
overload s igna l  from t h e  I 4  telemetry (vol tage drop across R211). 
overcurrent protect ion is  obtained by sensing t o t a l  SAAF col lec tor  current  
(CT25) which can t r i p  t h e  inver ter  cont ro l  binary i n  t h e  logic/control  c i r c u i t ,  
shut t ing off  SAAF dr ive  and i n i t i a t i n g  automatic recycling. 

Instantaneous 



Figure 17 shows t h e  regulat ion cha rac t e r i s t i c s  of t h e  V4 supply f o r  t h e  
various combinations of s e l ec to r  switch posi t ions.  
t h e  t r ans fe r  cha rac t e r i s t i c s  of V4 and I 4  telemetry outputs. 

Figures 18 and 19 show 

Anode voltage r ipp le  a t  full ra ted  7 amp load i s  shown on Figure 20. Fi l-  
t e r i n g  of t h e  anode supply w a s  found t o  be necessary. 
tua t ions  i n  anode po ten t i a l  are r e f l ec t ed  i n  t h e  beam current  waveform. A 
pulsat ing beam current causes poor ion th rus to r  performance. 

4. 

Instantaneous flue-- 

V5 - Thrustor Screen Supply 

The main power output from t h e  power conditioner i s  i n  t he  form of t h e  3 KV 
screen supply. This supply i s  v i t a l  i n  t h a t  it i s  primarily responsible 
f o r  t h e  ion engine's t h rus t  output. 
current t i m e s  t h e  square root  of screen voltage.  

This output is  proportional t o  t h e  screen 

Arcing from screen t o  accelerator  possibly including other  e lectrodes normally 
occurs within t h e  th rus tor .  
break-in phase of operation. This s i t u a t i o n  requires  t h a t  t h e  HV r e c t i f i e r s  
be capable of withstanding high current  surges and severe t r ans i en t  voltages 
without degradation. The f i l t e r  components must be ab le  t o  withstand d i r e c t  
short- circui t ing and not generate damaging current  surges. 

Arcing i s  frequent during t h e  i n i t i a l  running 

Referring t o  t h e  schematic (Figure2L) t h e  r e c t i f i e r s  a r e  shown as CR185 
through CR196. 
devices which are ra ted  t o  withstand 100 amp surges. 
designed f o r  avalanche operation, no t r ans i en t  or steady state voltage-sharing 
components a r e  needed f o r  se r ies- s t r ing  operation. It is s ign i f ican t  t h a t ,  
i n  s p i t e  of much abuse and severe se rv ice  during breadboard t e s t i n g ,  t he re  
were no HV r e c t i f i e r  f a i l u r e s .  There i s  no evidence of any degradation of 
these devices. 

These a r e  uni t rode USR20 2 KV avalanche fast reverse recovery 
Since these  devices are 

To l i m i t  a r c  surges t o  reasonable l e v e l s ,  t h e  s e r i e s  r e s i s t o r  s t r i n g  (R249) 
i s  connected i n  s e r i e s  with t h e  f i l t e r  capaci tor ,  C50. This s e r i e s  res i s tance  
l i m i t s  I5 surges t o  approximately 3 times the  r a t ed  .25A DC screen current .  
Not only does t h i s  current- limiting ac t ion  tend t o  protect  components such as 
C50 from screen current  pulses ,  but t h e  energy delivered t o  t h e  a rc  i n  t he  
t h rus to r  i s  a l s o  l imi ted  i n  instantaneous peak amplitude. Future th rus tor  
tests may show t h a t  l imi t ing  t h e  a r c  energy speeds t h e  recovery t i m e  of t h e  
a r c  such t h a t  power conditioner recycle  t i m e  may be significantly reduced. 
Faster recovery from arcing would maximize t h e  integrated th rus to r  impulse 
over a given time in t e rva l .  

Screen supply regulat ion with load w a s  found t o  be s t rongly influenced by 
t h e  leakage reactances of t h e  output transformers (T9, T10). 
equipment output transformers resu l ted  i n  t h e  regulat ion curve (V5 versus 15) 
shown i n  Figure 22. 
t i o n a l  insu la t ion  and r e su l t i ng  increased interwinding spacing r e su l t i ng  i n  
increased leakage reactances. This e f f ec t  is  evidenced by t h e  noticeable 

The breadboard 

The production conditioners had transformers with addi- 



regulat ion increase i l lus t ra ted  on Figure 23, 
cen t ra t e  on attempting t o  reduce transformer reactances, while maintaining 
an adequate safety margin of insula t ion .  
could p ro f i t ab ly  be t h e  subject  f o r  fu tu re  development programs. 

The required V5/15 telemetry s ignals  are obtained v i a  separate  windings on 
T9-Tl0 and by t h e  separate  telemetry current  transformer CT13. Figures 24 
and 25 show t h e  transformer cha rac te r i s t i c s  of these  T/M outputs.  

Future designs should con- 

This aspect of HV inver ter  design 

5. B i a s  Inver ter  - DC Supply Telemetry 

The schematic diagram, Figure 21, shows t h e  low power B i a s  Inver ter .  A p a i r  
of  2N2911 t r a n s i s t o r s  operate i n  a magnetically-coupled mult ivibrator  c i r c u i t .  
They supply a 2 KHz square wave t o  b ia s  and T/M c i r c u i t s  requir ing an un- 
interrupted AC supply. 
stand 2X input vol tage t r ans ien t s .  

Input current  and vol tage are converted t o  telemetry-compatible s ignals  by 
t h e  use of current-measuring reac tors  CMRl  and CMR2. Transfer cha rac te r i s t i c s  
of these T/M outputs a r e  i l l u s t r a t e d  on Figure 26. 

6. ~6 - Accelerator Supply 

An up-and-down mult ivibrator  c i r c u i t  i s  used t o  with- 

The th rus to r  acce lera tor  i s  supplied from t h e  SAAF, i s  unregulated, and i n  
other  respects ,  i s  j u s t  l i k e  t h e  screen supply, ~6 (except for lower steady 
s t a t e  current  r a t i n g ) .  
telemetry c i r c u i t s .  

Figure 27 shows t h i s  supply together with associated 

Analogous t o  t h e  experience with V 5 ,  ~6 regulat ion was found t o  be mainly 
influenced by leakage reactance. Figure 28 ( regula t ion  of breadboard ~ 6 )  
and Figure 29 ( regula t ion  of t h e  production un i t  ~ 6 )  i l l u s t r a t e  the  r e s u l t  
of increasing insula t ion  spacing and, hence, leakage reactance. 

Figures 30 and 31 show t h e  acce lera tor  voltage and current telemetry output 
t rans f er char ac t  eris t i c  s . 
7. V7, V 8 ,  V9 - Neutralizer Supplies 

The neut ra l izer  supplies form an independent system which operate whenever t h e  
power conditioner i s  commanded on. 
control led by what amounts t o  a s m a l l  separate  power conditioner and ion 
thrus tor  subsystem. The schematic diagram of t h e  neu t ra l i ze r  supplies  i s  
shown on Figures 32,  33, and 34. 

The neut ra l izer  inver ter  (Figure 32) cons is t s  of t h e  DTS 423 t r a n s i s t o r s  
(Q97, Q98) and associated magnetically coupled mult ivibrator  c i r c u i t  (T21, T22, 
e t c .  ) . 
output transformer of t h e  neu t ra l i ze r  inver ter .  

The neut ra l izer  discharge i s  produced and 

Thermistor TH-2 provides sensing of Q97 case temperature. T21 is  t h e  

. 

a 
14 



Figure 33 shows t h e  yT (neut ra l izer  cathode) supply. 
is accomplished by t h e  squaring network (Figure 352 i n  much t h e  same manner 
as w a s  done i n  t h e  case of t h e  main th rus to r  cathode, V3.  
f i e r  (L9 )  i s  used t o  provide t h e  ac tua l  power switching control  of t h e  V7 
output. The current- limiting f ea tu re  gives inherent overload protect ion.  

RMS sensing and cont ro l  

A magnetic ampli- 

Current regulat ion i s  w e l l  within spec i f ied  requirements. 
show these  excel lent  regulat ing cha rac t e r i s t i c s .  

Figures 36 ana 37 

To provide the  desired telemetry ind ica t ion  of emission current ,  a current  
measuring r eac to r ,  CMR-3, i s  connected t o  one terminal of t h e  neut ra l izer  
cathode. The output of t h i s  telemetry c i r c u i t  versus emission current is 
shown on Figure 40. 
38 and 39. 

V 7  and 17 telemetry performance i s  shown on Figures 

The neut ra l izer  vaporizer hea te r  supply ( ~ 8 )  i s  relatively low power. 
regulator  c i r c u i t  i s  used. 
from t h e  40/60 VDC source t o  t h e  center tap of t h e  vaporizer heater  t rans-  
former, T23. Current- limit cont ro l  of 18 i s  implemented through ~ ~ 1 8  and 
r e l a t ed  c i r c u i t s  shown on Figures 32 and 34. 

A s e r i e s  
Transis tor  Q99 is  the  s e r i e s  t r a n s i s t o r ,  connected 

Regulation with l i n e  and load i s  w e l l  ins ide  spec i f ied  l i m i t s  as can be seen 
from Figures 4 1  and 42. Figures 43 and 44 show V 8 / 1 8  telemetry.  

Thte probe bias supply ( V 9 )  i s  obtained by energizing t h e  probe bias t rans-  
former (T29) through t h e  s e r i e s  r e s i s t o r  R433,  Figure 34. The Vg supply is  
provided by r e c t i f i c a t i o n  (CR400, CR401) and f i l t e r i n g  (C95). A voltage 
mul t ip l ie r  is  used t o  provide the  i n i t i a l  high no load voltage needed t o  
start t h e  neut ra l izer  discharge. 

Probe bias voltage i s  sensed by winding 3-4-5 of T29. 
178 i s  obtained by error- amplification a t  Q105 - Ql04 and control  of t h e  
regulator  t r a n s i s t o r  Q99. 
t i c  obtained. 

Closed-loop control  of 

Figure 45 shows t h e  high-gain control  characteris-  

Figure 46 shows t h e  load-voltage cha rac t e r i s t i c  of Vg.  
telemetry t r ans fe r  cha rac t e r i s t i c .  

The array of diodes shown on t h e  schematic Figure 34 i s  used t o  provide in t e r-  
connection (with t r ans i en t  surge protect ion)  among t h e  various grounds i n  t h e  
system. 

Figure 47 gives t h e  yg 

8. Control/Logic Circui t  

Figures 48 and 49 contain t h e  control / logic  c i r c u i t s ,  together with t he  series 
regulator  c i r c u i t  and level changer associated with t h e  control  functions. 



On-off commands are by panel mounted pushbuttons (Sll, 512). 
actua te  t h e  reset c o i l  of r e l ay  K5.  
energized through K 5  contacts.  
command s ignals .  

These switches 
Indicator  lamps (DS1 ,  DS2) are i n  tu rn  

These lamps ver i@ t h e  status of t h e  input 

The l e v e l  changer i s  a means fo r  t r ans fe r r ing  data from c i r c u i t s  with one 
ground reference t o  c i r c u i t s  referenced t o  a d i f f e r e n t  ground. I n  t h i s  case,  
t h e  l e v e l  changer t r ans fe r s  overload t r i p  s ignals  from t h e  telemetry c i r c u i t s  
(14,  15 ,  16) t o  the overload in tegra tor  (Q9, Q11, Ql2).  A series of faults 
or an overload on one or more of t h e  V 4 ,  V 5 ,  o r  ~6 supplies f o r  an i n t e r v a l  
of 1 0  t o  30 seconds r e s u l t s  i n  pulse conduction of UJT Q11. This i n  t u r n  
energizes K5 ,  turning t h e  power conditioner o f f .  Operation is  restored by 
manually r e s e t t i n g  K5 by Sll. The l e v e l  changer transformer T3 i s  supplied 
with the  necessary AC exc i ta t ion  from t h e  bias inve r t e r ,  which w a s  previously 
discussed. 
ca t ion)  t h e  -11.5 VDC and -23.0 VDC biases. 

The same b ias  inver ter  transformer secondary supplies (by r e c t i f i -  

A s ingle  f l ip- f lop  o r  binary produces the  cont ro l  s ignals  t o  the  main SAAF 
inver ter  and, v i a  an R-C delay c i r c u i t ,  t o  the  Feed Clamp. A uni junct ion 
timer c i r c u i t ,  adjustable f o r  delays from 0 . 0 1 t o  1.0 second, recycles t h e  
binary a f t e r  t r ipping.  T h i s  UJT timer is  s e t  t o  produce the  desired recycle 
rate. Figure 50 shows an oscilloscope t r a c e  of the recycle pulses with a 
screen-accelerator f a u l t .  

16 



POWER CONDITIONER PEBFORMANCE 

During t h e  last  quarter  of 1966, t e s t i n g  w a s  performed i n  t h e  1NW NASA-LeRC 
t e s t  f a c i l i t y  with t h e  final- configuration ion th rus to r .  
of operation were accumulated and much experience w a s  gained r e l a t i n g  t o  t he  
power conditioner/ion th rus to r  system. 

Well over 100 hours 

Appendix A includes s t r i p  char t  recordings obtained during a s m a l l  por t ion of 
these  tests. A point  of pa r t i cu l a r  s ignif icance is  t h a t ,  f o r  t h i s  test run ,  
t h e  power conditioner DC input w a s  provided by a s o l a r  c e l l  a r ray  simulator. 
The DC supply w a s  programmed t o  simulate c losely t h e  V- I  cha rac t e r i s t i c  of a 
typ ica l  space vehicle  so l a r  c e l l  array.  A s  one might expect, operation with 
t h e  simulator source, r a the r  than a f ixed  voltage source, presents somewhat 
d i f f e r en t  operating conditions,  pa r t i cu l a r ly  i n  t h e  a rea  of arcing/recycling. 
Successful operation as evidenced by these s t r ip- char t s  i s  an important s t ep  
i n  t h e  pro jec t .  

Efficiency 

Efficiency of t h e  f i n a l  power conditioner w a s  measured at 75% ra t ed  load. 
The spec i f ica t ion  requirement f o r  e f f ic iency  a t  t h i s  condition is 80% mini- 
mum, and the  power conditioner w a s  found t o  meet t h e  requirement. On the  
other  hand, it i s  apparent from t h e  data (Figure 51) t h a t  t he re  i s  very 
l i t t l e  margin i n  meeting t h e  required eff ic iency.  
ava i lab le  fast switching power t r a n s i s t o r s  and other  l i k e  improvements would 
make possible  considerable improvements i n  power conditioner eff ic iency.  

The appl icat ion of recent ly  

a 



PRODUCTION UNITS 

The two sets of production equipments were furnished. 
cons is t s  of four  19" rack mounted u n i t s .  
nections being made t o  rear-mounted terminal s t r i p s .  

Each power conditioner 
Construction is  dead f r o n t ,  all con- 

Interconnections between t h e  modular chassis  are profided by interconnection 
wire harnesses which were furnished with t h e  power conditioners.  

The attached photographs Figures 52, 53, 54, 55 and 56 show front-panel views 
of each assembly and a view of the  complete power conditioner interconnected,  
and operating in to  t h e  Test Console/Dwnmy Load. 

These u n i t s  a r e  of high qua l i ty  construction and are easy t o  modify or service.  

18 



DUMMY LOAD TEST CONSOLE 

I n  accordance with t h e  cont rac t ,  a Dummy Load T e s t  Console w a s  designed and 
b u i l t  t o  enable complete checkout of t h e  power conditioners.  
s e t t i n g  and operation of t he  severa l  closed-loop cont ro ls ,  This Test Console 
i s  a self- contained laboratory tes t  drive. It is f l o o r  mounted on castors .  
It has a double rack with standard 19" panels and rear door access. 
57 and 58 show views from t h e  f ron t  and rear respect ively.  

It included 

Figures 

The c i r c u i t  diagram is  included as Figure 59. 
note t h a t  provision is  made f o r  simultaneous loading and metering of t h e  
power conditioner outputs.  
are used t o  provide t r u e  RMS metering of t h e  high frequency non-sinusoidal AC 
loads. 
and from outputs t o  ground. 
provide t h e  adjustable  high voltage V5 and ~6 loads.  

Referring t o  t h i s  diagram, 

RF ammeters and voltmeters (thermocouple-actuated) 

A mercury vapor thyratron is included t o  simulate a rcs  between outputs 
Air-cooled 3-10002 vacuum t r iodes  a r e  used t o  

All switches and load cont ro l  knobs a r e  access ib le  a t  t h e  f ron t  panels. Con- 
nections t o  t h e  loads and meters a r e  made v i a  a matrix of binding posts .  A l l  
meters a r e  mounted behind Plexiglass  panels and switch in te r locks  are used on 
each rear access door t o  minimize shock hazard. 

Because of t h e  l e t h a l  po ten t i a l s  produced by t h e  power conditioner,  appropriate  
care  must be exercised during a l l  t e s t s .  The frame of the  Test Console must 
be firmly grounded by a t  l e a s t  one braided grounding s t rap .  
and d i r ec t  load adjustments are operated v i a  braid-grounded linkages.  These 
linkages avoid t h e  p o s s i b i l i t y  of t h e  appl icat ion of high po ten t i a l s  t o  t he  
controls  should insu la t ion  breakdown within t h e  T e s t  Console. 

Control switches 

During t h e  t e s t  program, an in t e r e s t i ng  p o s s i b i l i t y  f o r  r e a l l y  gross e r ro r s  i n  
t h e  metering w a s  detected and corrected. It w a s  found t h a t  e f f ec t ive  electro-  
s t a t i c  shielding f o r  t h e  f l oa t ing  HV metering must be provided. The RF meters 
used were not provided with such shielding.  To cor rec t  t h i s  s i t ua t ion ,  each 
of t he  R F  meters w a s  wrapped i n  aluminum f o i l ,  which w a s  then connected t o  
one terminal of t h e  meter. This measure w a s  completely e f fec t ive .  



FUTURE DESIGN IMPROVEMENTS 

During t h e  course of t h i s  cont rac t ,  p o s s i b i l i t i e s  f o r  various improvements 
have become apparent. A b r i e f  discussion of each suggestion follows: 

1. 

2. 

3 .  

4. 

5. 

6 .  

Telemetry outputs.  
proved t o  be r e s t r i c t i v e .  
control  system remain undisturbed despi te  open or shorted T/M outputs ,  
separate  CT's w e r e  required a t  t h e  current T/M s t a t lons .  An increase 
i n  allowable T/M output impedance of 1O:l or grea te r  would permlt t h e  
dual use of t h e  cont ro l  CT's  f o r  both control  and T/M w i t h  r e s u l t i n g  
saving i n  weight and p a r t s  count reduction. 

The requirement f o r  1Kmaximum output impedance 
I n  order t o  meet t h e  requirement that t h e  

Application of Microcircuits.  The state of t h e  art  of microcircui ts  
i s  maturing rapidly.  There are now severa l  families of micro- 
c i r c u i t s  which would prof i tab ly  be applied t o  f'uture power conditioner 
designs. 
so-called 930 DTL s e r i e s  - f o r  example t h e  la tch ing  sec t ion  of the  
inve r t e r  control  binary could be a s ing le  type 945 operated synchro- 
nously. Timing functions could be performed synchronously using 
clocked down-counting (s ingle- ci rcui t  modules 16 counters are now 
readi ly  available) , or  by analog means (such as by using a 709 
operat ional  amplif ier  i n  a f a s t  r e s e t  in tegra tor  connection].. 
appl icat ion of presently- available prove I C ' s  could contr ibute 
s ign i f i can t ly  t o  reduced weight and s i z e  and reduce s l i g h t l y  ove ra l l  
power losses .  

The Control/logic sec t ion  could u t i l i z e  c i r c u i t s  from t h e  

The 

Multifunction low-power dr ive  inver ter .  
design is t h e  l o g i c a l  outcome of a program i n  which f lexibi l i ty  was 
necessari ly  s t r e s sed ,  r e su l t ing  i n  l e s s  than optimum system in tegra t ion .  
For fu tu re  equipments, t h e  functions of t h e  b i a s  inve r t e r ,  neut ra l izer  
inve r t e r ,  and main inve r t e r  d r ive r  could eas i ly  be combined, r e su l t ing  
i n  a s ign i f i can t  improvement i n  eff iciency and reduction i n  weight and 
pa r t s  count. 

The present power conditioner 

Output ra t ing .  Again, f o r  f l e x i b i l i t y  purposes , t h e  present equipment 
i s  r a t ed  t o  d r ive  much heavier th rus to r  cathode and th rus to r  anode 
loads than ac tua l ly  e x i s t  with t h e  present thrustor .  design. 
a more closely- rated power conditioner would r e s u l t  i n  s ign i f i can t  
weight/size savings. 

Obviously, 

Operating frequency. 
i n  t h e  2-4 KHz frequency range. With t h e  present a v a i l a b i l i t y  of fast 
high vol tage s i l i c o n  power t r a n s i s t o r s ,  it appears t h a t  t h i s  operating 
frequency should be pushed upwards by a f ac to r  of 2 or 3:1, thereby 
re su l t ing  i n  a lighter-weight equipment. 

The present power conditioner inver ters  operate 

Magnetic design. 
insula t ion  versus minimizing leakage reactances should receive more 
d i r e c t  study on future development/design programs. 
devices represent such a l a rge  proportion of size/welght of power 
conditioner e l e c t r i c a l  p a r t s ,  t h i s  aspect of t h e  deslgn shoula reeeiye 
increasing emphasis i n  t h e  future. 

The problem encountered with achievzng adequate HY 

Since t h e  magnetic 
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7. Accelerator impingement. During t h i s  program t h e  cont ro l  of  the  main 
mercury vaporizer (V2) was  changed t o  l i m i t  beam current (151 ins tead 
of accelerator  impingement (16). It i s  recommended t h a t  t h e  addi t ion 
of an "impingement override" loop be added t o  f'uture designs. This 
would permit reduced-thrust operation should some unforeseen f ac to r  
cause unusually-high acce le ra tor  impingement. 
usefu l  during i n i t i a l  operation while t h e  acce le ra tor  i s  being "ion beam 
machined" t o  an optimum contour, and perhaps l a t e r  on i n  t h e  event of 
mercury deposit ion on t h e  acce le ra tor  insu la tors ,  e t c .  

This could be espec ia l ly  

8. Main inver te r  t r a n s i s t o r  switching. Another very s ign i f ican t  outcome 
of t h i s  program is  t h e  f u l l  r e a l i z a t i o n  of t h e  importance of t he  "flux- 
rachetting" problem. Br ie f ly  , "flux- rachetting" r e f e r s  t o  t he  tendency 
of t h e  inver te r  output transformer t o  s a tu ra t e  a t  t h e  end of each of 
one of t h e  ha l f  cycles of operation, t h i s  being t h e  r e s u l t  of i nev i t ab l e  
asymmetries i n  1 / 2  cycle  conduction times, t r a n s i s t o r  sa tura t ion  
res i s tances ,  winding res i s tances ,  e t c .  The r e s u l t  of flux- rachetting 
i s  sa tura t ion  current  spikes on a l t e r n a t e  half- cycles.  These spikes 
can g rea t ly  increase t r a n s i s t o r  and output t r a n s i s t o r  heating. Of 
course, these  current  pulses are a l so  very undesirable from t h e  stand- 
point of t h e  DC source. 

Referring t o  Figure 59, note t h a t  t h e  primary winding of inductor L5 
i s  e f fec t ive ly  i n  series with t h e  DC source current  path through t h e  
inver te r  power switches and output magnetics. The function of L5 i s  
t o  l i m i t  t h e  r a t e  of r i s e  of t h e  current  through t h e  input DC power 
path. Current "spikes" r e su l t i ng  from flux- rachetting a r e  prevented. 
During t r a n s i s t o r  switching, t h e  inherent turn-off s torage time tends 
t o  r e s u l t  i n  an "overlap" i n t e rva l  during which - a l l  of t he  main 
inver te r  t r a n s i s t o r s  can conduct simultaneously, L5 i s  a l so  e f f ec t ive  
i n  preventing current  pulses from occurring during the  overlap i n t e r v a l ,  
thereby fu r the r  minimizing t h e  peak co l l ec to r  currents  during t h e  
i n t e r v a l  of switching. 

Future power conditioner inver te rs  should be carefu l ly  designed, perhaps 
as suggested here,  t o  minimize t h e  e f f e c t s  of flux- rachetting and over- 
lap.  
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NASA LIFE TEST CONSOU 

Used t o  Operate Se r t  I1 Ion Thrustor 

During 549 Hour Duration Test 
Fig. 61 
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This appendix contains the complete schematic diapams for the entire power 
conditiQner 8s delivered. 
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APPENDIX C 

This appendix contains strip-chart recordings reprocluced from power 
conditianer/ion thrustor  t e s t s  at INW, !U@A-LeRC and a t  T R W ,  Inc. 
Padondo Beach, California 
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